Galvanised spangle products from the continuous galvanising line-2 (CGL-2) at Tata Steel used to exhibit significantly lower ratio of bright to dull spangles, compared to CGL-1 products. The solute enriched surfaces of dull areas are more susceptible to premature darkening on external exposure. An effort was made here to understand this problem and improve the surface quality of spangle products from CGL-2, as well as to predict the end of zinc solidification i.e. the spangle formation time on steel sheets through heat balance study.
Introduction
Hot dip galvanising is the most widely used process for galvanisation of steel sheets. It involves hot dipping of steel sheets in a galvanising bath to produce a thin protective coating of zinc-rich alloy on steel. The molten zinc bath often contains a small amount of aluminium, lead and antimony that help in developing flowery structure on the coating surface consisting of bright and dull areas called 'spangles'. On the basis of macroscopic surface appearance, spangles may be classified into three types 1, 2) : shiny or mirror-like which are highly reflective with prominent hexagonal dendritic structures; feathery spangles also have high reflectivity with a lath-like pattern of alternate shiny dendritic and dull regions; and dull spangles, the appearance (low reflectivity) of which is principally caused by precipitated Pb particles. The presence of bright spangles improves the product's aesthetics and acceptability among low end users and commands some premium in the market in India; whereas, the dull phases in the product are prone to early corrosion attacks. 3, 4) Galvanised regular spangled products from one of the two continuous galvanising lines (CGL-2) used to exhibit substantial surface darkening on external exposure. An earlier investigation in the R&D Division at Tata Steel had revealed remarkable difference in spangle appearance between products from the two lines.
Compared to CGL-1 products, CGL-2 products had significantly lower ratio of bright to dull spangles (ϳ30 % bright spangles in CGL-2 products compared to ϳ70 % in CGL-1 products as measured by using the technique described later in this paper). 5) The solute enriched surfaces of dull areas are more susceptible to premature darkening. An attempt was made in this study to improve the surface characteristics of CGL-2 regular spangle products and to predict the end of zinc solidification time with the help of a comparative heat balance analysis during spangle formation at the two galvanising lines. Based on the published literature on the principle of formation of bright and dull spangle and a comparative study on process parameters between CGL-1 and CGL-2, the critical parameters were identified. A simple heat balance calculation for zinc solidification and temperature measurement of post-galvanised sheets were carried out to predict the solidification and compare spangle formation pattern between the two galvanising lines. Plant trials were also done based on the recommended parameters. The bright and dull areas on the galvanised sheet samples were determined and the prediction on solidification was compared with actual observation.
Formation of Bright and Dull Areas
Lots of investigations have been reported so far on span- gle formation 2, [6] [7] [8] and the effect of different process parameters on the quality of spangles during hot dip galvanising. 4, 6, [9] [10] [11] Figure 1 describes the generation of bright and dull areas during spangle formation in continuous galvanising. Development of spangles, like any other crystallographic grain structures, occurs through a two-step process e.g. nucleation and growth. Once the heterogeneous nucleation takes place at some preferred sites on the steel/zinc interface, dendritic development of these zinc crystals forms within a small region of slightly undercooled layer ( Fig. 1(a) ). Solidification is associated with the release of the latent heat of melting and a recalescence phenomenon occurs with a slight increase in temperature of surrounding. Heat is transferred from steel sheet towards the coating surface by conduction. The newly formed dendritic layer of zinc crystal makes the heat transfer slower from sheet to the liquid zinc surface and further growth of the crystal towards the surface or thickening of the crystal is therefore hindered. But heat can be transferred without any hindrance through the areas that are yet to be covered by flat dendrites and the undercooling of these areas increases. Thus a rapid lateral expansion of the nucleated zinc crystals parallel to steel-zinc interface takes place until the entire interface is covered ( Fig. 1(b) ). This is the first stage of solidification, which happens within some tenths of a second. The final shape, size and appearance of a growing spangle are principally determined during this stage, controlled by an interaction of thermal conditions in the undercooled layer and crystal orientation of the nucleated zinc grain. If the (0001) basal plane of zinc lattice is aligned parallel to the sheet surface, a perfect zinc spangle with star shaped dendritic structure having 60°angles between the dendritic arms may form. Since the crystallographically preferred growth direction and the thermally caused growth direction match with each other in this case, very fast lateral expansion occurs. The shape and appearance of spangles change with the alignment of basal plane with the sheet plane. Inhomogeneous thickening of a single grain during the first stage of solidification is also possible if the basal plane is inclined to the sheet surface.
Immediately after the beginning of solidification, a relief becomes visible at the still liquid outer layer, which determines the final grain structure. This phenomenon may be explained by an interaction of gravity driven flow of liquid on vertically held sheet and the lateral expansion of solidifying layer.
2) The flow stops quickly as the liquid film becomes very thin with the thickening of solidifying zinc layer.
The second stage of solidification starts after the entire steel surface is covered with a layer of dendritic zinc grains. Further growth of these grains with slow thickening takes place, which is now controlled by transfer of heat from the coated sheet to atmosphere through radiation and convection. Due to limited heat flow, this stage occupies the major part of the total solidification time. The relief marks of each grain remain the same, although the rate of thickening for different grains may be different depending on their crystallographic orientations. The surface solidification starts when the thickest part of any uneven growing grain having an inclined basal plane, emerges with shiny surface through the thin film of liquid zinc, as shown in Fig. 1 (c) . With the progress in growth of zinc grain layer, the residual liquid becomes continuously enriched in Pb and other alloying elements already added to the bath. Finally, the eutectic Zn-Pb composition is reached towards the end of solidification, depending on the initial Pb concentration, when the zinc phase crystallizes at the primary zinc dendrite and lead particles precipitate on the coating surface. Thus a grain with inclined basal plane may finally generate a typical shiny-dull divided spangle with the shiny part at the area that emerges first through the liquid, and dull area where solidification ends with eutectic precipitation of dimpled lead particles ( Fig. 1 (d) ). The bright and dull areas are demarcated either by a straight dendritic arm or by a feathery area in between. Feathery areas develop when the amount of eutectic melt is not sufficient to completely cover the area of zinc dendrite. According to Biber, 12) different insoluble particles, mainly compounds/intermetallics of aluminium and pure lead particles, precipitate at the coating surface during the solidification process; the size of particles being larger in rough (dull) than in smooth (bright) spangles. The spangle structure is fully developed with the completion of eutectic reaction. It was observed that spangles would reach to a maximum size at about 0.07 % Pb in the zinc bath and remain constant with further lead addition. 10, 13) © 2005 ISIJ 
Factors for Surface Brightness
The brightness of a galvanised sheet surface is related mainly to two factors: composition and crystal orientation. It is now established that the bright area is of pure zinc whereas, the dull area contains more solute particles e.g. lead, antimony etc. The crystal orientation for bright spangles is basal and that for dull spangles is pyramidal or prismatic.
3,4) Seré et al. 3) explained the combined association of higher lead and pyramidal crystal texture in dull spangles. According to them, lead promotes a crystallographic orientation with any pyramidal family planes parallel to the surface whereas, an increase in antimony does not modify the crystal texture. The recent study at the R&D division of Tata Steel 5) revealed almost uniform distribution of Al all over the surface with higher adhesion in dull areas. Similar observation of the presence of a thin film (five nanometer) of aluminium oxide on both dull and bright coatings was made by Biber. 12) Beneath this thin oxide film, he found numerous precipitate particles (Al 2 O 3 , AlSb, Al-Fe and ZnAl intermetallics, and Pb), slightly smaller in size in the bright coating. The presence of higher number of micropits in the dull spangles was also observed and this microroughness might be a factor for dull appearance.
According to the theory of spangle formation, as described earlier, dull areas appear towards the end of solidification of the liquid zinc coming out with the strip, particularly when the solidification is a delayed one. Therefore by making the solidification process faster, the dull areas can be reduced with a decrease in the formation of Zn-Pb eutectic precipitation.
Heat Balance on Zinc Solidification
In a continuous galvanising line, cleaned steel sheet is annealed, cooled nearly to the bath temperature and then immersed in a molten zinc bath. As the sheet is withdrawn from zinc bath, excess liquid zinc on the surface is removed by an air jet wiping (as shown in Fig. 2 as a line diagram), and solidification of sheet surface starts. A simple but realistic heat balance calculation on the zinc solidification was undertaken to reveal the appropriate physics underlying the heat transfer mechanism of the process. The calculation also shows the comparative values of the solidification time in the two continuous galvanising lines (CGL-1 and CGL-2) of Tata Steel.
The heat balance calculation was done for a unit length (1 m as shown in Fig. 2 ) of the strip which was assumed to be representative of the overall length of the strip. It was also assumed that there was no resistance to the heat transfer at the interface of strip and zinc layer, and the temperature difference across the coating was negligible. The total heat that is to be removed during zinc solidification can be identified as;
· 2 ), C p(Fe) and C p(Zn) are the heat capacities at 460°C for steel (649.1 J/kg · K) and zinc (484.6 J/kg.K) 14) respectively, DT is the difference between strip temperature coming out of the zinc bath and the freezing point of zinc (419.5°C) and L is the latent heat of freezing for zinc (100.9 kJ/kg).
The heat losses in the overall process may be divided in three parts: convective heat loss near the air knife region at higher heat transfer coefficient, convective heat loss in rest of the region at lower heat transfer coefficient and radiative heat loss. As a result, the total heat loss was calculated taking both convection and radiation into consideration.
Heat loss at the air knife region (q 1 ) is given by: (5) where, h 1 is the heat transfer coefficient at the air knife region, A is the surface area, DT is the difference in strip temperature after zinc bath and the ambient temperature (40°C) and t is the time taken for one metre of strip to cross the air knife region. Rate of heat loss at the natural cooling region (q 2 ) is given by: (6) where, h 2 is the heat transfer coefficient at the natural cooling region and DT is the difference in strip temperature after air knife region and the ambient temperature (40°C).
Rate of radiative heat loss (q 3 ) can be expressed as: 
...(7)
where, e is the emissivity of zinc (0.06), s is the StefanBoltzman constant (5.67ϫ10 Ϫ8 W/m 2 · K) and DT is same as in Eq. (6) .
All the heat loss calculations above are for one surface of the strip. Due to symmetry of steel/coating system, they can be doubled to get the total heat loss from both surfaces of the strip. The heat transfer coefficients (h 1 , h 2 ) in the above calculations determine the rate of convection at various stages of cooling. The value of the heat transfer coefficient varies much along the length of the strip and is very difficult to calculate accurately. Several correlations for convective heat transfer coefficients for both forced and free convection are available in the classical heat-transfer literature 15) ; however, values typical of the process as applicable to continuous galvanising process are very rare. In the present calculation, value of heat transfer coefficient at the air cooling region (h 1 ) was taken as 6 W/m 2 · K. 16) This conforms well to the value of Biot number (of the order of ϳ(10 Ϫ4 -10 Ϫ5 )) characterising the air cooling of the thin strip as reported in Sémoroz et al. 17) Biot number (Bi) being the ratio of convective heat transfer coefficient at the surface to the specific conductance of the material, 15) a small Biot number signifies uniform temperature within the strip. This also justifies the assumption of negligible temperature difference across the coating. The heat transfer coefficient at the air-knife region (h 2 ) was taken several times larger (2ϫ10 2 W/m 2 · K) than that at the air cooling region.
16) The heat loss values were calculated using the above expressions and were further utilised to determine the time required for solidification as given below.
Time Calculations for the heat loss and subsequent solidification time and thus the distance covered during spangle formation were done for both the galvanising lines at Tata Steel, and they will be discussed in the next section.
Results and Discussion

Comparison of Process Parameters
In order to identify the reason for having significant difference in surface brightness between the products from two galvanising lines, as mentioned earlier, two sets of data on influencing process parameters were extracted from the plant database for a proper comparison between the two galvanising lines. One set was for full-hard strips (ϳ300 coils) and the other was for soft (annealed) strips (ϳ450 coils). The data were categorised and compared on the basis of similar strip thicknesses and coating weights in the two lines. It was interesting to note that the average values for the strip temperature before entering into the zinc bath, the bath temperature and the line speed were higher in CGL-2 for identical strip thickness and coating weight. For 0.5 mm strip thickness and 120 g/m 2 coating weight, the strip temperatures at the jet cooling section were 486°C and 501°C; the bath temperatures were 460°C and 465°C; and the line speeds were found to be 90 m/min and 124 m/min for CGL-1 and CGL-2 respectively. The differences in bath temperature and line speed are important for making a change in solidification pattern of liquid zinc on the steel sheet and so on spangle formation between CGL-1 and CGL-2. The bath compositions had slight variation in terms of aluminium (0.21% and 0.26%), antimony (0.059% and 0.079%) and lead (0.087 % and 0.049 %) in the CGL-1 and CGL-2 respectively. As discussed earlier, both antimony and lead can influence in the formation of bright and dull spangles; the total amount of these two elements in the zinc bath of the two lines did not have much variation.
Heat Balance Computation
A comparison was then carried out on zinc solidification for CGL-1 and CGL-2 conditions, based on heat balance calculation theory described earlier.
The derived values for all heat source and heat loss terms are given in Table 1 . The computation was done with the strip thickness of 0.5 mm
for a comparison between the two lines. The strip length and width were assumed to have representative values of one metre each and the values of different process parameters such as line speed, coating weight and strip and liquid zinc temperature, used in this calculation were taken from actual line operation-data (average of about 100 data for each galvanising line) for 0.5 mm thickness sheets. It is important to mention here that the thin strip in a continuous galvanising line attains the bath temperature as soon as it enters into the zinc bath. The temperature of the strip and zinc layer coming out of the bath was therefore assumed to be the same as the zinc bath temperature. The heat transfer coefficient values for natural cooling and enhanced cooling near the air knife region were assumed to be constant throughout the process. In practice, they may vary particularly with a variation in air knife pressures. It is evident from Table 1 that for similar strip thickness and same coating weight, the total heat to be removed for spangle formation at the end of solidification is more in case of CGL-2. This is mainly due to the fact that the zinc bath at CGL-2 was maintained at higher temperature. Moreover, the total heat loss due to the enhanced cooling near the air knife area was less for CGL-2 because of higher line speed. These two effects of higher heat content and lower heat loss finally resulted in prolonged solidification. There is a chance of more rejection of solute particles like Pb during the extended solidification, which may come to the surface of the spangle making it dull in appearance, as explained earlier.
Temperature Measurement of Post-galvanised
Sheets Actual observation on post-galvanised sheets coming out of both the galvanising lines were made during the measurement of sheet surface temperature with the help of an infra-red optical pyrometer. The temperature was measured at three different heights as the sheet came out vertically of the zinc pot. Figure 3 shows the temperature profile of the post-galvanised sheet surfaces from both the lines. The strip thickness was 0.33 mm for the CGL-1 and 0.47 mm for the CGL-2, whereas coating weight was 120 g/m 2 for both the lines. The line speed of 112 m/min and 130 m/min, and the bath temperature of 454°C and 461°C were observed during the temperature measurement in CGL-1 and CGL-2 respectively.
It is interesting to note the difference in temperature profiles between the two lines-a continuous decrease in surface temperature with the distance from air knives at CGL-1 whereas, an initial dip in temperature and then a gradual increase up to a certain distance at CGL-2. At CGL-1 spangles were found on the sheet surface as it passed through the air knives. But no spangles were observed on sheet surfaces at CGL-2 up to a distance of 11 m from the air knives. Similar observations were made in another set of measurements at both the lines. The difference in temperature profile may be due to a skin cooling effect of the sheet at the air knife region of CGL-2 because of higher heat content of the sheet and higher line speed. The distances from the air knives for solidification obtained from the heat balance calculation, discussed earlier, using the actual operating parameters during the temperature measurement were 0 m for CGL-1 and 13 m for CGL-2. The observed positions of spangles as mentioned earlier agree with these calculated values.
Plant Trial
It is therefore important to avoid the delayed solidification in order to minimise the dull spangles. Since a reduction in line speed is not advisable as it would decrease the plant productivity, the following recommendations were made based on those data analysis, heat balance calculation and observation on spangle formation: · Reduction in the total heat content of the galvanised sheet, which is possible by maintaining lower zinc bath temperature and · Enhanced cooling of the strip as it comes out of the air knife region. The second option i.e. the enhancement of strip cooling after the air knife region needs the commissioning of a cooling system at that region, which involves new investment and time, and may also have some influence on the spangle size. It was therefore decided to carry out a plant trial with lower zinc bath temperature. The bath temperature was maintained at ϳ455°C, the strip temperature at ϳ470°C at the snout, and the line speed was varied for different strip thicknesses. Samples were collected at the coiling end and the percentage of bright spangles was measured. The process parameters were collected 4-5 min before the sample collection, matching with the line speed, so that they corresponded the samples. The impression of all bright spangles from a fixed area of the sample was taken on a grided transparency sheet as shown in Fig. 4 . The percentage of bright spangles was measured from the total number of grids covering the bright areas and the total number of grids in that fixed area.
The measured bright areas along with process parameters during the trials are given in Table 2 . All the coils were hard materials except the first one, which was annealed. This is evident from Table 2 that the percentage of bright spangles had improved to 35-40% (from 25-30% earlier as shown in Fig. 4) as the bath temperature was reduced to ϳ455°C. At lower line speeds the surface brightness had gone even up to 56 %. The positions of the end of solidifica-tion or the formation of spangles, both as calculated using the heat balance model and as observed are also shown in the Table. The observation was possible up to a distance of ϳ12 m from the air knife position, beyond which the galvanised sheet hides into the covered region of the galvannealing furnace. It is interesting to note that the calculated positions of spangles were close to the observed ones.
Conclusion
Based on the review of relevant literature and comparing the process parameters between CGL-1 and CGL-2 at Tata Steel, attention was paid on a few parameters e.g. strip temperature before entry to zinc bath, bath temperature and line speed. Strip and bath temperatures and line speed were found to be higher in case of CGL-2. A simple but realistic heat balance calculation for zinc solidification revealed that the total heat required to be removed was more in CGL-2, whereas the overall cooling after galvanising was less. This allows extended solidification in CGL-2 during which more solute rejection may occur producing more dull areas.
Plant trials were carried out with lower zinc bath temperature, and the bright areas from coil samples were measured. An improvement in bright areas from 25-30 % to 35-40 % was observed. The surface brightness improved up to 56 % at lower line speed. The heat balance calculation also predicted the approximate positions of the formation of spangles, which were close with actual observations in the plant.
© 2005 ISIJ Table 2 . Results of the plant trial at lower bath temperature and different line speeds. Fig. 4 . Impressions of bright spangles on a grided transparency sheet during the measurement of the percentage of bright spangles (a) 28 % bright spangles measured on a 0.47 mm sheet when the bath temperature was at 465°C and (b) brightness increased to 39 % on a sheet of same thickness as the bath temperature was reduced to 455°C.
